ϩ in the ͑0,0,0͒ level of the X 2 B 1 state have been measured in the wavenumber region between 80 and 200 cm Ϫ1 ͑50 and 120 m͒ by far-infrared laser magnetic resonance ͑LMR͒ spectroscopy. LMR data measured previously between 25 and 90 cm Ϫ1 ͑110 and 400 m͒, as well as optical and infrared combination differences, have been combined with the new LMR data in a weighted least-squares analysis using an A-reduced expression of the rotational-fine structure Hamiltonian. Thirty-two molecular constants were simultaneously determined, some sextic centrifugal distortion parameters and some quartic and sextic spin-rotation parameters for the first time. From this improved set of molecular parameters, very accurate calculations of rotational term values and zero-field predictions of the 1 11 -0 00 transition, including hyperfine structure, have been performed. Moreover, the electronic g-tensors and the hyperfine coupling constants are consistent with ab initio calculations which had been carried out for these constants.
I. INTRODUCTION
The water cation (H 2 O ϩ ) has been of interest to spectroscopists and astrophysicists since the early 1950's, when it was postulated to be present in comet tails. The first highresolution spectroscopy of H 2 O ϩ was done by Lew and Heiber, 1,2 when they investigated the Ã 2 A 1 ϪX 2 B 1 electronic emission spectrum. It resulted in the identification of visible emission lines from H 2 O ϩ in Comet Kohoutek 3, 4 and subsequently in other comets. Moreover, H 2 O ϩ plays an important role in elementary processes in interstellar space 5 and in the earth's upper atmosphere. 6 Several other high-resolution absorption measurements have been performed on H 2 O ϩ . The visible system of H 2 O ϩ has been observed using laser absorption spectroscopy. 7 Some pure rotational transitions have been measured by farinfrared laser magnetic resonance spectroscopy ͑LMR͒, 8 which permitted the observation of the proton hyperfine structure. A few lines of the rotational spectrum around 430 cm
Ϫ1
, measured by diode lasers, are reported in, Ref. 9 , but those lines could not be assigned up to now. In the IR region, the 3 band has been characterized using a difference frequency spectrometer, 10 the 2 and the 2 2 Ϫ 2 bands using a diode laser spectrometer, 11 and the 1 and the 2 ϩ 3 Ϫ 2 bands by color-center laser spectroscopy. 12 Recently, new vibronic bands in the near-infrared region were observed. 13 A number of ab initio calculations have been carried out for H 2 O ϩ , see, for example, Ref. 14 and references therein. Some of them investigated the hyperfine coupling constants of the ground state. 14, 15 Recently, a multireference configuration interaction calculation of electronic g-tensors has been carried out. 16 In this work, we measure 13 the structural properties of the molecule. The new data are of interest not only from a theoretical point of view, but also in relation to studies of interstellar space and of the upper atmosphere.
II. EXPERIMENTAL DETAILS
The spectra were recorded by far-infrared LMR spectroscopy 17 at the Boulder, Colorado laboratories of NIST. The experimental setup of the LMR apparatus has been described in detail previously. 18 The far-infrared laser is transversely pumped by a CO 2 laser with water-cooled end mirrors and a typical power output of 20 W on a single laser transition. The laser lines used in this work are given in Table I . The frequencies of two of these lines were measured for the first time during this study. One laser line, the 89.13 m 13 CH 3 OH laser line, was remeasured after the assignment of the H 2 O ϩ signals seemed to be impossible. From the H 2 O ϩ spectrum, the laser frequency was predicted to be about 0.2 cm Ϫ1 higher than that given in Ref. 19 . The remeasurement showed that this prediction was right. The right frequency is given in Table II . A 15-in. electromagnet provides a maximum flux density of 2.0 T. The magnetic flux densities were measured with a Hall probe, which was calibrated with an NMR gaussmeter. The Zeeman modulation frequency was 39 kHz. A liquid helium-cooled germanium-:gallium photoconductor was used as the detector.
The H 2 O ϩ radicals were produced in the gas phase, using a cw microwave discharge source ͑50 W͒. The discharge was run through ultrahigh purity helium ͑amounts of other gases Ͻ1 ppm͒ at 190 Pa ͑1.4 torr͒, with a small amount of water vapor added under flow conditions. The pump system which was used for the cell consists of two parallel rotary pumps providing a maximum pumping speed of about 8 liter/s. The H 2 O ϩ signals disappeared rapidly upon the addition of small amounts of H 2 , and were relatively unaffected by the addition of N 2 . This substitution was used to distinguish H 2 O ϩ from other species. The experimental uncertainties of the measurements are caused by the uncertainty of the laser line center (Ϯ2 ϫ10 Ϫ7 ), the uncertainty in the magnetic flux density ͑0.01 mT for BϽ0.1 T and 10 Ϫ4 B for BϾ0.1 T, and the readout error of the line positions. Thus, the total 1-sigma uncertainty of our data is, at best, 2ϫ10
Ϫ5 cm Ϫ1 ͑0.6 MHz͒, depending on the tuning rate of the transition.
III. RESULTS AND ANALYSIS
Under the experimental conditions described above, 114 Zeeman components of 13 different rotational transitions, with N up to 7 and K a up to 4, have been observed at wavelengths between 50 and 120 m. Table II . The maximum signal-to-noise was around 200:1, with a 100 ms time constant.
We observed both singlet and triplet hyperfine patterns according to levels with spin states Iϭ0(K a ϩK c odd) and Iϭ1 (K a ϩK c even) . Figure 2 shows a typical spectrum. In seven cases the triplets could not be resolved. These data are marked in Table II and are provided with low weights corresponding to the large readout errors.
The assignment of transitions, which involved either the 3 22 or the 4 04 states, turned out to be particularly difficult. This is due to the strong mixing between these two states. Thus, the pattern of the corresponding tuning diagrams is complex, and depends very sensitively on the term energies of these states. On the other hand, due to this mixing the 4 04 -2 11 and 5 15 -3 22 (⌬Nϭ2, ⌬Jϭ2, and 3͒ transitions gain intensity and can be observed.
Three of the rotational transitions (4 22 -3 13 , 4 40 -4 31 , and 5 42 -5 33 ) were observed on two different laser lines, which allowed an accurate determination of the g-factors.
Furthermore, a few transitions with ⌬N ⌬J could be measured, which enabled an accurate determination of the spinrotation constants.
The predictions and least-squares fitting of the data were both carried out using a computer program developed by Brown and Sears 20 called ASYTOP. The effective Hamiltonian used by this program was developed by Bowater et al., 21 who explained the derivation of the matrix elements and the assumptions inherent therein. The molecular Hamiltonian is expressed in a Hund's case ͑b͒ basis set of ͉NK a SJM J IM I ͘ ͑a nuclear spin-decoupled basis set͒. For the rotational Hamiltonian, the A ͑asymmetric͒ reduction is used. 22 The assignment of the LMR spectra was started by using the molecular parameters of Ref. 8 transitions, especially the strongly perturbed and the transitions with Nϭ7 and K a ϭ4, could be assigned only after analysis of the new data.
In the final analysis, previous measurements concerning H 2 O ϩ in the ground state were included in addition to our LMR data. The data which have been used are listed below:
͑1͒ 96 Zeeman components of 8 rotational transitions in the ground vibrational level of the X 2 B 1 state measured by laser magnetic resonance 8 with an experimental uncertainty of 2 MHz ͑2͒ 28 ground-state combination differences obtained from IR measurements of the 3 band. 10 The uncertainty of the combination differences was 0.008 cm
Ϫ1
. ͑3͒ 251 ground-state combination differences obtained from the Ã 2 A 1 ϪX 2 B 1 electronic emission spectrum. 2 The accuracy of the measurements was 0.03 cm
, giving the combination differences an uncertainty of 0.04 cm Ϫ1 .
In the weighted nonlinear, least-squares fitting procedure, the weights were taken as the inverse squares of the assumed experimental precision ͑see Table II͒ . As expected from the relative weights of the different data, the fit was determined principally by the LMR data, although the inclusion of the combination differences obtained from the electronic emission spectrum reduced the correlations between the parameters and did not affect the parameter values. The inclusion of the combination differences from the IR data neither improved nor degraded the parameter values or standard deviations. During the analysis, it turned out that the indirect influence of the levels with ⌬NϭϮ1 and Ϯ2 and with ⌬K a ϭϮ2, Ϯ4, Ϯ6 is considerable. Thus, these levels were all included in the basis set.
Thirty-two molecular parameters were simultaneously determined in the final fit of 375 lines and are listed in Table  III . With this set of molecular parameters, all data are reproduced within their experimental precision. The overall standard deviation relative to the experimental uncertainties is 0.88, whereas the deviation between observed and calculated line positions of our LMR data section is 2.2 MHz on average ͑deviation of LMR data of Ref. 8 vious work. The standard deviations of those parameters have been calculated from the deviation of the quoted parameters according to Gaussian quadrature formula ͑not taking into account the correlation between parameters͒.
IV. DISCUSSION
The LMR data measured in this work give a significant extension to the measurements of Ref. 8 ͑see Fig. 1͒ . The analysis of these new rotational transitions in combination with other data published previously leads to an improved set of ground-state molecular parameters ͑see Tables III and IV͒. Some parameters are determined for the first time and several others are refined. For a comparison, the molecular parameters of earlier studies are also given in Tables III and IV. The constants of Ref. 8 cannot be compared directly with ours because the S-reduced form of the rotational Hamiltonian was used in that work. Thus, we refitted the dataset of Ref. 8 with our program, which uses the A-reduced form. The data fitted slightly better than in Ref. 8 , which could be seen from the residuals of each line. But the parameters have larger standard deviations than those for S-reduced Hamiltonian, which is probably due to the higher correlations between the parameters ͑for example, the spinrotational Hamiltonian has, in A-reduction, only matrix elements for ⌬K a ϭ0,Ϯ2). On the other hand, the Hamiltonian in A-reduced form is easier to bring to diagonal form by computer methods. As seen from the refitted parameters in comparison with ours, we improved the accuracy of the rotational and centrifugal distortion constants by about one order of magnitude. The spin-rotation and the hyperfine splitting parameters, as well as the g-factors, are of the same accuracy as previous work.
As mentioned before, a number of ab initio calculations have been carried out on H 2 O ϩ ; some of them investigated the hyperfine coupling constants of the ground state. A good agreement with the experimental value a F ϭϪ75.13(27) ͒ for the ground-vibrational level of H 2 O ϩ in the X 2 B 1 state ͑error limits are one standard deviation and refer to the last quoted digits͒. The A-reduced form of the Hamiltonian was used throughout, apart from Ref. 8, as marked. ͒ cannot be explained. Table VI gives zero-field predictions of the 1 11 -0 00 transition including hyperfine splitting ͑see Fig. 3͒ . Calculations of relative intensities are also given. Measurements using a TUFIR spectrometer would give more accurate line frequencies, which in turn would help astrophysicists identify H 2 O ϩ from far-infrared lines in comets or interstellar clouds. 
